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1. Schematij vertical cross section showing fresh water 
' and sea water circulations with a transition zdne« 

• ' *> ' ^ - ^, 

2. control of sea water intrusion in a confined aquifer by 
shlf ttna pumping^^ils ^fr^ (a) near the cbast to (b) 
an inl?and axjcati^pnr (Tpddy 19^5?) • 

3* control of sea water intrusion by a line of recharqe 

weMjs to crgaite a pressure ridge-pauraile]^g; the c<xi9t# 
(Todd^ a959) . 

control of sea water intrusion by a line of pumping^ 
welis creating a trough para]3:eMLrig the coaist # (Tpdd^. 

__ ' \ 

5. -contrpi of sea water intinasion by a^^ to 

inggction-extractibn barrier usingj paraiilel W;nes of 
pumping^ and iecharge weM.s , (af t^er Cali^fdrnia 
pepartment of Water Resources, 19^66) . 



control of sea watfer intrusion by construction of an 
impermeable subsurface barrier, (after California 
Jiepar.tment of Water Resources, 1966) . 

Sclematic diagram of upconing of underlying^ saline 
water .to a pumping well. 

Diagram showing upward migration of saline water caused 
by lowering cf water levels in a gaining stream, 
(Peutsch^ 1963);, 



piagram showing interf ormatiphal leakage by vertical 
movement of water through well J where the piezometric 
surface lies above the water table, (after Deutsch, 



Illustrative sketch showing four mechanisms producing 
sal^ine water intrusion in Southern Alameda county 
California, (after California Department of Water 
Resources, 1960) , ' 
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Monthly variations of total draft and chloride content 
in a nearby observation well, Honolulu aquifer (after 
Todd and Meyer, 1971) . 



' ' ^HTnANrK TOR TDENTtF^ICATION AND EVALUATION OF THE_mTOE 

/ - y^- - • _ 

AND EXTENT OF POLLUTION FROM SALT WATER INTRUSION 



iNTRobuenoN 

Section 30f*'(e) of 'the Federal Water Pollution Control 
Act as Amended 86 Statute 816; h U.S.C. 1314 a972) 

provides that:: 1 , 

"The Administrator (of EPA) , • .sha^l issue. ...wrthin one 
year after the effective date of this subsection (and 
- from time to time ther;eafter)f information including;w(l); 
guidelines for identifying and evaluating the nature 
and extent of non-point sources of pollutants, and (2) 
processes, procedures, and methods to control pol^uion 
resulting; from - 

|E) salt water intrusion resulting from reductions c" • 
fresh: water flow from any cause, including extractit * 
of ground water, irrigation, obstruction, and 
divers ion ; ... 
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This docaifient has been prepared 'byTthe^Oni ted States 



Environmental Protecticp Agency in respAise to the 
requirements of Section 304'(e) (1) (E) of the Act* y 

The folloi/ing sections contain informational guideline.s 
for identifying and evaluating the nature ^d extent of ' 
ponutio'h from salt Water intrusion. The circumstances 
surrounding local salt water intrusion problems vary widely 
and a uniiEorm «cpok :bpbk« approach to prdblern ixlentiSic 
and evaluiat ion rs not possible • . Accordingly^ this guidance 
is not intended to provide a step- by-step, procedure for 
field reconnaissance or sampling techniques . Knwledge of 
the exist-ehce and delineatipiT of rthe spatial distribution "of 
waters cpptaininated by salt water intrusiph. willi serve 
little usefxa purpose by itself, if salt water intrusion is 
to be effectively cohtrcU-ed it must be understood and 
evaxudted in the context Kit the causal factors within the - 
drainage basin. The intent of these informatipiw^ 
guidel^iaes is to provilie' a basic framework\^for assessment of 
sal^t ^(Wtter intrusion problemis^ relationship to the 

total hydrplogic system, and to aid State authorities in 
de'^eloping; areavide wastie treatment management plans in 
accordance with the provisi6ns*of Section 20B of the Federal 
Water EoMAitionvControl Act as Amended . 



CAUSES OF SALT WATER IWTROSION 

: ^ Salt water intrusion ..^ -.,into surface. or ground 
.water is a complex situation controlled by the geologic and 
hydrologic characteristics ot the^afea. Natural water 
systems are dynamic^ They respond in quality and quantity 
to natural phenomena and to man's activities such as chaiiges 
^n land use, stream chamnel lathings , and consianptiy^ 
withdrawal. Identif ix:;ati<^^^^^ and 'evaluatlp^^^^ the natiae jand^^ 
extent of salt water intrusipn l>egins w^ under staMihq 

of the general mechanisms by which intrusion pcciirs . 

Sea Water Intruiiion in coastal iteruif ers 

Under natural conditions fresh grpiifid water in coastal 
aquifers is discharged intp-the ocean at pr sea>rardt of the 
cpastline . A^ balance or equrl^ibrium tends tp b^pme 
estabj^ished betvfeen the fresh ground wat^ the salt 

water pressing in f rpm the sea. Where coastal aquiff ers are 
overpumpedV Ipwered by natural drainage, 6r natural recharge 
is impede^^y cons tjructton or other act ivit ies> th^ ground 
water level, whether water table in uhcpnf ined aquf f ers?^ 
piezometric surface in confined aqutf ers, is lowered thpreby 
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reducing the fresh water flow 4:0 th6 ocean. The interface 
between the fresh and saline water has a parabolic form with 
the saline water tending to undenride the less dense fresh 
water. The reversal or reduction of fresh water flow allCM^s 
the heavier saline water to move into areas vhere only fresh 
water previously existed. Thus, even with a seaward 
pressure gradient, sea water can advance inland. Because of 
the high salt cph-^ent of sea water ^ as little as two pexcent 
of xt mixed with fresh^^^g^^^ can make that portion of 

the aquifer unusable ih relation to the U.S. Public Heal-to^^ - 
Service drinking water stanj|ard for total dissolve^ solids. 
Only a small amount of intrusipn can have serious 
implicatipris regarding the futu^^^ an aquifer as a 

water supply source. ^ 



Upstream E ncyoachmeht of gea W at gy 

" ^ - ^; * — \ 



The interactipn^pf river flqw and tidal currents 
results in a net upstream movement pf sek water along the 
bottom with f resh water overriding^ ^hls wedge- in^ seaward 
direction. The^ositlph of the interface between the f tesh 
water and the sea water is dependent on channel geometry,; 
river 'dl8charge> and high ti:de height . A change in any of 



these parameters will cause the salt water/ fresh 'water 
interface to migrate. The most common cauises of upstream 
encroachment of . sea water are deepening of navigation 
channelsy construction of sea level canals, and reduction of 
stream flow. Reduction of stfecMn flow or deepening of 
channels Results in landward migratTon of th^, sea water 
wedge while increased stream flow results in a seaward 
^migratipn. Sea water encroachment can contctminate bpth^^ 
surface and sxAsurf ace water sj^^^ f i^h and 

wtldiife habitats uhs'uitabie f or native pppulatioris^^^^^ 

thrpugh ^inqre^ shorten the lafe expectancy^ pf 

\ 

ehgineering structures:. 
Intrusion in Inlancti iUi uifer s 

Large quantities pf saTi^ie vater exist under, diverse 

gebipgic and hydrplpgic envirpnments in the United States. 

^ _ - _ - _ 

Most of the Nation •s largest sources of f resh ground wat^er 

are in clpse proximity to natural bpd4:€s of saline grpund^ 
water. Interaquifer transfer. of saline waters results f m 
two baste mechanisms. One invo^-ves the upward migration of , 
saTine waters into fresh water aquifers as a result of man- 
induced changes dn the hydrologic pressure regime. The 
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other involves the direct transfer of saline waters 
vertically through wells or oth^r penetrations. Because of 
the relatively slow movement of ground water ^ any saline 
water intrusion may produce detrimental effects on ground 
water quairty that could persist for months or years after 
the intrusion has ceased. y 

EXTEtn i of; P OLEOTrf fTROM SyLT WATER iNTRUSION 

Salt water intrusion probTems are iibiquitpus in coastal 
areas and surprisingly widespread in inland areas. On the 
highly populated Atlantic Coast, between Massachusetts and 
Fl;oi-ida> each of the States has reported prol^lems m se^a 
water intrusion . The seriousness of the problem is usual3.y 
dependent on t:he intensity of urban ;and^ industri^ 
development with its attendant witfidrawal and non-return of 
Waters. , 

On the West Coast, Callfprnia has had^^ 
with sea water intrusion and has spent considerably effort 
trying to solve or amieUibrate the farpblem. Approximately^ 
two tiiird3 of the conterminous United States are' undier lain / 
by sMine waters containin^^^ more than 1,000 mg/4 di3^splved 



sdlidsy and the problem of salt water intrusion in inland 
aquifers can be the same .as in coastal areas. Only eight of 
the fifty States do not report significant salt water 
intrusi on problems . 

IDENTIFICATION OF POLLUTION FROM SALT WATER INTROS ION 

Most intrusion of salt water into fresh w^ater can; be: 
ascribed to one of three primary mechanisms : the reversal or 

reduction of fresh water dis<:harge which a$I6ws th^ heavier^ 

_ - _ _ - ^ 

saline A^ter to move into an area where only fresh water - 

previpusly €acist^^ inadv^rtant 

destriK:tipn of' natural barriers that formerly separated 

bodies of f^resh and saline waters; or the accid^ita^l or 

inadvertant results of the disposal of waste saline water. 



I Ma jb5 -elements in an a the pccunrence and 

I extent of salt water intrusion should include; 

i ■ ■ ■ ■■ . ' 

; li. spatxai delineation of primary aquifers arid • 

/ ^ " 
( . streams. 



/ 2-. analysis of historical water quality (salinity) 

I data- for suspect areas, to ostxtblish trends,' 
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3. establishment of a salinity monitoring network for 
surface and ground water, 

4. monitoring the location of the fresh water/salt 
water interface^ 

5* basin wide hydrogeolpgic investigations where 

saline intrusion occurs to identify causal ^ 
factors. ' 

\ ^ ^ ' ' 

OPrime areas for consideration sh<^ include rapidly 

developing coastal areas where demands for fresh water 

result in a reduction or reversal of flow gradient ; and 

areas of cpastal %?aterway dr embayment constructioh, or 

deepening of navigation chai&e is where barriers to 

salt %#ater flow may^ be breached^ ijiother priiie eyampXe of 

. breaching of cpn^lnijig strata is encountered In drilling 

operations, especially in oil producing areas where salt 

water may move great distances along broken or corr^^^^^ 

casihgs or improperly aitorvdw^ Not to be 

y - * 

overlooked as a source of pollution is any operation that 
disposes of waste saline waters> whether disposal is 
direr-tly to surface streams or to the grpwidi wa^ through 
evaporation pits or other methods. 
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In other than oil producing areas salt water intrusion 

is seldom the direct result of waste disposal. More often 

\ 

it is the natural adjustment \of- tK^ Kydrologic system to the 
many stresses -placed upon it, ^ Fimdamental to an evaluation 
of the extent of salt water intrusion is the need for 
comprehensive hydrogeological investigations of the surface 
and subsurface wat^r systems. Identification and evaluajbion 
of -the extent of s^lt %rater intiSusipn should be an integral? 
pai^ of ^ach staters water qua^ty mph storing :prc>gram 
required under section 10 6x(e); (i) of the Tlct^ with salinity 
one of the parameters routinely TO^n^ the 
water quafiity network* 

i 

'Ks an initial step in^he evaluation of the nature auid 
extent of salt water intrusion pr in be 
spatially defined, and: >hist:orical ^ater quklity^ records for 
bNpth surface ^nd ground waters should be pollected and 

< 

ccntpur ma^ps of salt concentration: compiled. In Ibhis way> 
nattiral or base line conditions can be established and the 
location of the salt water/fresh ^/ater interface^ cjin be 
displayed: in relation to the wat^ requirements of the 
hydrolpgic ;basim Updating of such maps from CAirrent 
mpnitpr ing data provides a rapid indication of the advance; 




or retreat of the salt water wedge. Under normal conditions 
monitoring points should be measured for salinity (or total 
dissolved solids) or checked for electrical conductivity at 
one to two month intervals. More frequent measurements may 
be warranted if encroachment is in the proximity of major 
water supply sources. 

Most salt water intrusion problem^ 
in heavily t)6p^^^ aireas* In many cases ejctensive 

water quality mpni^tpr ing programs wil^ have been^ in ef f ect 
and wiH; prrvide most or alJi of the water quairity data- 
required for determni the present extent of salt Water 
intrusion in that area . Salinity meastzremen of both 
surface and grpmidi waters shQuldvbe an iivbegra^^ part of ^e 
- State* s water gual^ty monitbring progtam and form the bas£c 
data input for continuous evaluation of 'thie extent of salt 
wateft intrusion. > \ 

\ ' _ - , 

Ah inventory of existing nranitoring points for both 
s»ar f ace^ doid ground waters Which may be used in determining 
the sal^l^ity pf streams and principal aquifers should be 
undertake^ by each state, and addxtipnal monitoring staiipns 
installed as part of .the State's Water quality mohitpring 




network %*ere necessary for adequate spatial coverage. In 
situ measurement of electrical conductivity can provide an 
indication of salt content in surface and ground waters 
without collecting water samples for laboratory analysis. 

^ Sampling information for each surface or subsurface 
monitoring sjtation^ should include: 

1. locatax>n :by latl^ longrtude an^d elfevaticm 

* ^ 

2 stream or aquifer i\3ehtif icatipn and date> ' * 

3> depth or depths of samples r 

' si^eam velocity^ 

5. temp^raturer 

6. electric^il conSuctivityy TDSr or chlprxde conc^^ 
7^. depth to wart:er tables ^ 

- •. ■ . . \ 

Where a rise in electrical conductivity is ^^n^ 
samples, should be analyzed^ ^or increased salinity. 
Automatic recording devices can be installed for continupus 
electrical conductivity m ^nd should be 

incprpprated in the State's water quality monit^^^ 
het%i6rk. Any water samples that are taken for laboratory r 
analysis should be secured and presezved: according to . 



standard methods as described in Methods for Examination of 
Water and Wastes, {U.S* Environmental Protection Agency^ 
1971) . 

Where salt water intrusion in either surface of' ground 
water is suspected or know to exist, a comprehensive 
hydrogeological investigation should be designed to provide 
reqmsite inf for playfihing and control pro^ 

The type ;Of infprmatipn t^ may be reqUii^ c include: 

1. the geologic structure of the surface and ground 
water basins and their bpundaries; 

•* - 

2 i the nature and hydrauric characteristics of the 
subsurface .formations including: 

V * - ^ ~ 

a* _ rock type 

b. degree and type of pprosi^y^ 

c. permeability 

d* reservoir pressure 

el degree of hydraulic cpntinuity wi^h surface 
- waters* 
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3. STirface water andg^rouhd levels, and 
directions and rates of movement and seasonal 
fluctuations; 

4. surface water and ground water quality, 
particularly natural chlorides ccmtent; 

5. sources, locations, an^ aynd qual^^ 
natural recharge;- . 

6i locations, amounts, and; quality of artif icial 



/ 

/ 



. li.^ Ipbatipns and amoimts Of 

Historical in formation of this type is generally 

avai}lable^ to some decp:ee> in pubWrshed ^prm from! Federal, 

♦ 

State?r-and Ipcaii^ that are concerned idt^^^^ 

resources. Additlorial, inf o this type can -be __ 

derived^ from Bl variety of investigative techniques including 
but nofc limited: to : 

1. geologic reconnaissance^ 

) 
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2. geophysical surveys^ 

3. examination of well logs, 
test holes, . 

5. wetl pumping tests J 

V 

6. measurement of surf ace and ground ^ 
water levels, 

7. chemical analysis of samples of surface 
and ground watiers, 

8. analysis of jprecipitatipn and rimbf f records. 

Techniques for predicting the location and extent of 
sal* water intrusion mainly rely on mathematical analysis of 
aquifer and stream parameters, and tidal characteristics. 
The level of sophistication and predictive ability of 
analytical techniques varies from simple extrapolation of 
the time of arrival of the salt water/fresh vater interface 
at successive observation wells to highly complex numerical 
model's of the . entire hydrologic syst'em. Discussion of the 
application of these techniques is /beyond the scope of this 
report but selected references tO/ detailed explanations are 
included at the. end of this section. 
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The areal extent and depth of detail of the 
investigations will vary with the extent of the Wter basin 
ox aquifer that has been or may be affected, and the present 
and prospective uses of the water resources. The 
' investigations should be designed to define the Water budget 
of the basin or aquifer in sufficient detail to allow 
' prediction of the volumes and rates of surface a^id ground 
water f low necessary to^^^a^^^ 

advance. Such information will be an integral part of the 
data base used In basin wide water use planning, management, 
and pollution control programs. 

gyXLOATION OF THE EFFEgrTS OF SALT WATER INTRUSION 

AS surface and ground waters are integral parts of the 

same hydrologic whole, changes in the salinity concentration 

of one will most likely affect thte salinity concentration of 

the other. If the objective of a salt water intrusion 

— control program is to maintain zero increase in the salinity 
I 'f i . 

Of fresh water resources, this objective is seldom 

, attainable especially in areas of high water use. Nor is it 

possible to define a single optimal or tolerable, salinity 

..- concen-t^ration for "fresh waters". These concentrations are 

\ ' • % - 1 

! • 255 
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dependent on the- use that is to "be made of the watef . Wdter 
, devoid of dissolved materials is intolerable in nature 
because pure wa^er will not support life. Natural waters' 
contain endless varieties of dissolved matejcials in 
conSentratibns that .differ wideiy from one locality to 
another as .well as from time tolime. The chlorides, 
sulfates, carbonates, and bicarbonates of sodium, potassium, 
calcium, and magnesium are g^nerakj. the *,ost common. saOts 
, present. Different organisms vary in. their optimm saO^ty^ 
requirements as well as in their ability to live and thrive 
under variations from the optimum. 

Any evaluation of the potential effects of salt water 
intrusion must be performed in the context of its effect on 
the total dissolved solids of the receiving water and the 
water use requirements. 

i 

1 • 
optimal and tolerable salinity concentrations will be 
different for such uses as: public water supplies, fish and ■ 
wildlife production, ^and agricultural uses. Waters with 
less than abouf 500 mg/1 total dissolved solids are 
generally considered suitable for domestic purposes, while " 
waters with greater" than about 5,000 mg/1 tds generally are 
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unsuitable for irrigation purposes. Maximum salinity 
concentrations for livestosk^^onsumptipn vary from less than 
3,000 mg/1 TDS for p-ultry to as much as 12,000 mg/1 TDS for 
sheep. A more detailed analysis of salinity requirements 
for various water uses is contained in Wateg J2ualitx 
Criteria, (U.S. Environmental Protection Agency^, 1972) . 

Evaauatipn of the nature, extent and effects of salt 
water intrusion may vary from simple plots of water quality 
that indircate the position of the sart water/fresh Water 
interface to sophisticated mathematical models 'of the entire 
surface and gtound* -water ba sin. Such models can be used to 
predict the ■ response of the s alihity concent rat ion to 
various types of stresses- at any ;pcint in the system an4 
amow for long-range basin 'planning and? ■comprehensive 
intrusrpn pontrol programs . The degree o^ sophistication of. 
analysis required wil?l vary in :propor*iron to the complexity 
. of the hydrplogic system ahd-^e water demands ibr the area. 
Regardless of the level of analysis involved the objective 
of the w^ter quantity monitoring and: liydrogep logic 
investigations should always be to relate salt water 
intrusipn to its causal factors. Only in this ^way can water 
use planning be accomplished in a manner that wiil maintain 



the hydrologic balances, necessary to control salt water 
intrusion. 
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INTR022S3QN 



This information has been prepared by the United jstates 
Envirormental Protection Agency in response to the 
requirements of Section 30a (e) (2) (E) of the Federal water 
Pollution control Act as Amended 86 Statute 816; 33 u.s.C. 
i3W (1972) ; Discussed herein are processes, procedures, 
and methods for control of pollution from salt water - ' 7 

■ C - / 

intrusion. The purpose of this information is to provide a 
basic framework for assessment of salt water intrusion 
problems and their relation to the total hydrologic system, 
and to aid state authorities in developing salt water 
intrusion surveillance and control programs in accordance 
with the provisions of the Act, The treatment of the topic 
is not intended to be comprehensive or exhaustive, since 
this would take many volumes. Rather, the intent is to be 
as concise as possible, addressing those aspects felt to be 
most important, with liberal use of selected references for 
more detailed explanations. Revision, expansion, and more 




detailed treatment of selected aspects of salt water 
intrusion control will be accomplished under the provisions- 
of the Act that require periodic updating of such 
information. 




WATER QUALITY AND POLLPTIOM 

The quality of water refers to its chemical> i>hysical, 
and biological characteristics . All naturally occurring 
waters contain dissolved mineral cwistituents, all possess 
characteristics such as temperature, taste, and odor, and 
scwie contain organisms such as bacteria. The natural 
quality of water depends upon its environment, movement, and 
source. For the purposes of this report, pollution is 
defined as the man-induced degradarion of the natural 
• quality of water. The particular use to which water can be 
placed depends, of course, upon its quality. However, the ■ 
various criteria defining the suitability of a water for 
municipal, industrial or agricultural use are not considered 
in describing pollution. Instead, the measure of pollutiai. 
is a detrimental change in the given natural quality of 
water. This may take the form, for example, of an increase 
in chloride content, of a rise in temperature, or of the 
addition of E. coli bacteria. 
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Hvdroqeoloq ical In\>est icrations 

A fundamental concept applicable to almost all water 
pollution control 'situations and inhe?:ent in all of the 
processes, procedures, and methods for control of salt water 
intrusion discussegi in this repoxrt is the need for 
comprehensive hydrpgeplpgica^^ investigations before initia- 
ting control procedures . The geologic and hydrdlpgic 
environment pf each water respurce system is unique. Ground 
water systems are far more cpmplex and slpwer reacting than 
surface water systems* 

f 

Water respurce systems are dynamic in nature. Surface 
and ground: *$ater respurces are Integral parts pf the same 
hydrpgeplpgical whole. fThey respond both in quantity anjd 
quality to natural; pheiipmenc^ andi to man 

inpluding changes in land use^, stream^ channel lining, and 
artificial recharge. Qualrity changes result from a variety 
pf causes of which waste discharge is only one. 

Developed grpund water systems are subject to both 
seasonal changes ajid long term trends. In the case pf salt 
^ater intru^on,. pplrlution may npt be the resiilt of wa^ste 

23 



discharge but rather the natural r^^sponse of the hydrplogic 
systeip to the various stresses placed upon it* Because.^of .^ 
the dynamic nature of water resource systems, the historic 
behavior of the systems involved niust be studied as Well as 
future responses to anticipated changes in man •s influences* 
The longer the period and the more extensive the available 
' records, the better will be the evaluation of the system* 
For stressed systems, cbntinuii^^^^ cpllectioh arid 

perxpdic reevaluations are essential for the event ual 
elimination of pbiaution. RegardUss of the leyel of 
sophistication of analysis required the'ob jectiye of the 
hydrplogic investigations should always be to relate salt 
water intrusion tp its causal factors* 
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SEA WATER INTR USION IN COASTAL AQDIFERS 
Scope of the Problem 

Under natural conditions fresh' ground vjater in coastal 
aquifers is' discharged into the ocean at or seaward of the 
coastline^ If^ ho%fevef, demands by man for ground water 
become sufficiently larger the seaward flw of ground water 
is decreased or even reversed. This allows the sea v«ter to 
advance inland Within the aquifer, thereby producing sea 
water intrusion. ^ 

This section briefly describes the history of sea water 
intrusion; occurrence of such intrasion in the United 

.^States, and the environmental ccmsequences> causal factors^ 
and mpviement of sea water in the und^rgrgmid. Thereafter # 
control methods and mpnitbring ^procedures are pr^ente*, 

» together with ref erences to sources of addit iohai 
inf prma;ti6n> . - ' , ^ 

Emphasis in this section is on control of the lateral 
movement of sea water undergrpund* control of vertical flow 
mechanisms causing intrusion are presented; subsequently. 



Sea water intrusion developed as costal popiilatipn 
centers oyer-developcfd local ground water resourcefii to meet 
their water supply needs/ The earliest published /re ports> 
dating from mid-1 9th century in England, describ^^ increasing 
salinity of well waterjs in London and Iiiverpppl/ As the / 
number of localxties experiencing intrusion ha s^^ 
steadily with time> so has recognition of the prdDlem. 
Today, sea water intrusion exists on all cpntinents as w^^ 
as on many oceanic islands. / 

More than 7.0 years ago two European investigators found 
tha^ saiinje water occurred; uja^ergroiand near 4:he coast at a 
depth of about 40 times the height of fresh water a^ove sea 
level . This distribution, known as the , Ghyb«i-Her zberg 
reiation after its discover s. Is related to the hydrostatic 
equilibrium existing between the two fluids of different 
densities. Although coastal intrusion is a hydrodynamic 
rather than a hydrostatic situation, the relation is a gobd 
f irst ^apprpximation to the sea water depth for nearly 
horizontal flow conditions • Where head dlf f ere^lces In ^the- 
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two fluids exist, refinements in the relation* (Luscynski and 

/ I 

Swarzenski, 1966) give imprbvjfed results! 

■ I • 

Intrusion i n the U nited States 1 

- ~- - ~ """" "" -- -/ 

Almost all of the coastal statga of the United^ Sta tea 
have some cpastal aquifers polluted by the? intrusion of sea 
water^ Florida Is-the-moBt-seri/ouslj^^ state > 

followed by California> Texas, New York , and Hawaii. 

The/Florida problem^^s^^ from a cOTObihatif^^^ 
pi^rmeable timestprie^aqui^^^ a lengthy cpastllhe, and the 
^ desire pf people to live near the pleasant coastal beaches^, 
intrusipn IJ« been identif ijed in 28 speci^c lopattions 
t(Btack> 1553)^ spme 18 nnanixxi water supplfies have be^ 
adversely af fepted^ since 192i»> In the Miami area intrusiPrii 
has long been a problem^ aoid A^as seriously augmefrt^edi by 
interipr drainage canals which lowered the water table ^nd 
permitted sea water to advance inland by tidal action. 

In California , the large urban areas concentrated^ in 
the cpastal zone have caused sea water intrusion in^ 12 
Ipcalitiesj seven others are threatened> and 15 others are , 
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regarded as potential sites (California Department of Water 
"Resources^ 1958) • Most of the affected areas contain 
cbnfined aquifers, and salinity increases can be traced to ^ 
the lateral movement of sea "water induced by overpumping- 

jor programs to control intrusion have been implemented in 
Southern California^ in Texas^ intrusion is occurring in 
the Galveston, Texas City, Houston, and Beaumont-Port Arthur 
areas and around Corpus Chris^^ Saline Water is moving ; up-^ 
dip- from the Gulf of 'Mexico in the confined Cpas^^^ Plain 
sediments. The problem in New York is centered around the 
periphery of the heavi^ly pumped w^ of Long; islandv 

The basal^t aquifers of Honolulu, Hawaii have been 
eictensively intriided by sea wate^ due to contanued overdraft 
conditions. 

Envaronme h tal Consegnences 

Because of its high salt content, as Tittle as two 
percent of sea water mixed with fresh^^ ground water can^ 
that portion of the aquifer unusabl^^ in terms of th<B tJ* S» 
Public Health Service drinking water standard for total 
dissolved sol i'ds. Thus, only a sm^il amoxjht of intru^ioh 
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can seriously threaten the continued use of an aquifer as a 
water supply source. 

Once invaded by s©a watier , an aquifer may remain 
polluted for decades. Even with application^pf various 
control mechanisms, the norral movement of ground water 
precludes any rapid displacanent of the sea water by fresh 
water. Prolonged abandonment or restricted use of the 
underground resoiir^ce regutred. ^ 

Causal Factors 

^' , .... 

The usual catise of sea water intrusion in coastal 
aqui^jsrs is pver-pumpin(g. Pumping lowers the ground water * 
level./ The effect is depression of the ground water table 
in wconf ined aquifers Or alterattpns of the pi^zpmetric 
surface in confined aquifers. Either event wil^ reduce the 
fresh water flow to the ocean. Thus> even with a seaward 
gradient, sea water can advance inland. If pumping is 
suff iciehtl\y great to reverse the gradient dceanward , fresh 
water movement ceases and sea water may invade the entire 
^iquifer. 



In fla'b. coastal areas r drainacfe channels or canals can 
cause intrusibnr "in two ways.. One is the reduction in water 
table elevation^ and its associated decrease in underground 
fresh water f'JLOKi The other is tidal action* If the 
channels are open to the ocean, tidal action can carry sea 
water long distances inland through the channels, where it" 
may infiltrate an^ form fingers of saline water adjoining 
the channels. ' . , ' ^ 

In most oceanic islan^^ fresh water f prms a <tien% 
pv^riying sea water. If a well within the fresh water body 
is pumped at top high a rSte> the imderlying siea i^^^ wi¥i 
xi^e and ppllut^ the wel^, WeW^s can alsp sexrye as. means of 
vertical access; sea water in one aquifer may m^ into a 
fresh water aquifer lyifi^ above or below\he saline: zarie. 
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PoIJ^utant Movement 
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The interface between undergroiind fresh= and saline • 
waters'^hais a parabolic fbfmi ^he saltx^water tehds^o 
underrid'e the less-dense fresh water. Under equrlibrium 
conditions^ the sea water/fresh water interface is 
essentially stationary, ^ile the fresh water flows seaward* 



The length of the intruded wedge of sea water varies 
inversely with the magnitude of the fresh water head* Thus^ 

' a reduction of fresh water head is sufficient to cause 

"intrusion; reversed flow is not required* 

Because sea watei?- intrusion ^represents displacement of 
miscible liquids in porous media, . diffusion and hydrodynamic 
dispersion tend: to mix the two fluids. The idealized- 
interf acial surface becomes a transitioh zpr\e. The 
thickness of the zone is highly variatle; steady flows 
minimize the thickness, but nonsteady influences such a s^ 
pumping^, recharge, and tides increase the thickness. 
Measured thicknesses of transitioji zones range from a few 
feet 4n undeveloped sandy aquifers to hundreds of feet in 
overptunped basalt aquifers. -'^ 
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' Flow within the transition .zone varies from that of the 

_____ _ _ _ _ _ __ _ _ _ _ _ , - - 

fresh water body at the upper surface to near-zero at the 
lower surface. The movement in the transition zone 
transports salt to the ocean. Gpntinuity considerations 
suggest tha€ the salt discharge must come from the 
upderlying sea water dispersing upward into the zone. It 
follows that tftere must be a landward sea water flow as 




sketched in Figure !• This, circulation has been verified by 
a field investigation at Miami, Florida (Cooper, et al, 
196^) , 




i. Schematic vertical cross 'section ^shbw^^ 

fresh water and cwea water circulations with^ a 
transition zone . 



Con tr ol Met hod s 



A variety of methods have been proposed or utilJized to 
control sea water intrusion, 

« 

Control of Pumping P atter ns If pumping from a coastal 
ground water basin is reduced or relocated^ ground 
water levels can be caused to rise. With an increased 
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seaward hydraulic gradient, a partial recovery from sea 
water intrusion can be expected. Figure 2 illustrates 
the effect of moving pumping wells inland in a coastal 
confined aqui f er . 
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2. control of sea water intrusion in a confined 
aquifer by shifting pumping wells from (a) 
near the coast to (b) an diiland location 
(Todd, 1959) . 



&rt 1^ jci al. Rec harge sea wat^r ihtrusrpn can be controlled 
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artif icial^ly recharging an intruded aquifer by the 
of surface spreading areas or recharge wells. By 
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offsetting potential overdrafts, water levels ai>d 
gradients can be properly maintained. Spreading areas 



ax^e most suitable for recharging uncorifined aguifers^ 
and recharge wells for cbnf;Lned aquifers. 



Fresh Water Ridge Maintenanqfe of a fresh water ridge in an 

- - - I 

aquifer paralleling th4 coast can create a hydraulic 
barrier which will pi^vent the intrusion of sea waters 
A line of surface spreading areas wouldv be apprppr^^ 
for an \mconfined aquifer, tine of recharge 
wens would be necessary %ox a confined aquifer. ^ A 
schematic cross section of the flow conditions within a 
confined aquifer is shown in Figure 3. With a Tine of 
recharge wells paralleling iJhe coast, the ridge , wpiird 
consist of a series of peaks and saddles in the 
piezpmetric siirface;. The required elevation of the 
saddles above sea level will goveini the well sfpacing 
and recharge rates required. The ridge should be 
located inland of" a saline front sp as to avoid 
displacing the sea water farther ihlahd. Thif control 
method hiis the advantage of not restricting the usable 
grourtd >'ater storage capacity. The disadvantages are 
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high installation and operational cost and the need for 
supplemental water which may be lost to the sea* : * 
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Figure 3 Control of sea water intrusion by a line 
of rechar ge we lis \b create a^^ p^^ 
ridge paralleling i the coast (Todd> 
1959) • 1 \ 

- . - \v 

Injection wells havie been extensively Bnd successf ully 
employed alpng the Southern California coast. A new - 
project iinderway in Orange County^ Calrfprnia> w|^ll 
inject, a combinatipn of reclaimed wastewaters and 
desalted sea water (Cbfer^ 197^) • Details of well 
construction are available in a report on the Los 
Angeles West Coast Basin barrier (Mcllwain et al, 
1970) . 
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Ext ra ction Barrier Reversing the ridge method^ a line of 

wells may be constructed adjacent to and paralleling 

/ > - ' " - 

the coast and pumped to form a trough in the ground 

water level. Gradients can be created to limit sea 

water intrusicm to a stationary wedge inland of the 

trough, such as illustrated in Figure 4 for a 00**1: ined 

aquifer. This method reduces the useUble storage 

capacity of the basin, is expensive, and wastes the 

mixture of sea and fresh waters pumped from the trough. 

The trough method has been successfully tested at one 
location on the Southern Calxfornla coast (Calif or ma 
Department of Water Pescurces^ i;970) . 
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Eigure \ Control of sea water intrusion by a line 
of pumjping weris creating a trough 
paralleling the coast (Todd, 1959) . 
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Combination In j get idn-Ex±r act ion B arrier Using the last two 
methods^ a combination injection ridge and pumping 
trough could be formed by two lines of wells alcmg the 
coasts Figure 5 shows a schematic cross section of the 
method for a confined aquifer. Both extraction and 
recharge rates would be somewhat reduced over those 
required using either single method. The total number 
of wetls r equirfed> however, ypuld be substantia lly 
increased. 



E>rrRACTION FIELD 




Figure 5 Control of sea water intrusion by a* 

coinJbihation in jection-extr^aption barrier ^ 
using parallel rines of pumping and 
recharge weHfif (after Garif ornia 
pepartment of Water Besources, 1966) . 



Siibsurf ace Barrier By constructing aiX} impermeable 

subsurface barrier through an aquifer and parallel to 
the coast, sea water would be prevented from entering 
^ the ground water basin* Figure 6 shows a sketch of 
such a barrier in a confined aquifer* A barrier could 
be built using sheet piling, puddled <Jlay, emulsified 
asphalt, ceinent groutV bentonite, silica gel r calcium 
acryla£e, or plastics . leakage due to the corrosive 
action of sea water or to earthquakes wourd need to be 
considered in a barrier design. The method would prove 
most feasible in a narrow, shallow sinuous aquifer 
connecting with a larger inland aquifer* Althpugh 
expensive, a barrier wpurd permit full utilization of 
an aquifer. 
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EXTRACTION FIELD 
IN BASIN 




e 6 qpntrpl of sea water intrusion by 
constinicrtion^^p^ ah impermeable 

barrier (after Ca^^fornxa 
cf Water Respur^e^ 1966^)u 



tide Gate Control Wherever ctainage channels carry surplus 
waters f rpm low-lying ihland £U'ea:s to the ocean r there 
is a danger of sea water penetrating inland during 
peripds of high tides • If the chaimels are unlined> as 
is often the case> the sea water may inmediately invade 
the adjoining shalMow aquifer s« To cpntrpl such 
ihtrusion> tide ga€es should be installed at the outlet 

X 

X 

of each channel. These will permaft drainage water to 
be discharged to the pee an but prevent sea water frown 
advancing inland. This control method has operated 
successfully for many years in the Miami> Elorida> 
area. 
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Monitoy^ng Procedy rya \ 

■ • ■ \ - 

Whatever the method of sea water intrusioV control 
adopted, a monitoring program will be a necessarV part of 
the system. Conditions both within and outside of\ the 
intruded zone should be measured. Data will be reqtjired on 
ground water levels and chloride concentration. The 
vertical prof tie of the transitiph zone, should be deteraitr^^^^ 
at a few key locations. 

In general, observation weslls should be located so as 
to provide a comprehensive picture of the local intrusion 
situation: along any line of control, on the seaward «ide> 
and on the landward' siUe. The number of wells require^ 
vary with individual circumstances; however, the fact that 
30 observation wells were drilled for each mile of recharge 
Vine in the West Coast Baein of Los Angeles {(Mcllwain, et 
ai> W;7-0) is indicative that a re^asonably dense network nay 
be required. ^, 

Observat ion wells shou Id be measured for ground water 
levels and chloride cpncentration (or total dissolved ' 
solids) at intervals of one to two months under normal ' 



circumstances^ Electrical conductivity logs should be run 
in selected wells on a similar frequency. 

Most observation wells for the Los Angeles injection 
barrier were cased with 4-inch PVC plastic pipe in a gravel- 
packed and grouted 14-inch diameter hole (Mcllwain, et al, 
1970) . For economic reasons multiple casings into as many 
as three aquifers w€*e placed in the same drtH hole. This 
r^equired a 22-inch diameter drill hole wi^h each of the 
gravel-packed casings grouted between the aquifers: to 
prevent cpmmuniciation. 




' Ha^i' C.W., S ubsi 

|oliution Problems in the .Onity stat^ U.sT"^ 

^' f is^'^'u,:^' 'o^^ water Intrusion in Florida - 

1953, ^ater Survey 6 Research Pkper No. srFloHda" 
state Board of Conservation, 38 pp ' (1953) . 

3. California Department of water Resources, Sea-Water 
intrusion xn Calxfo£nlav Bulletin 63, 91 p p plus " 
appendices and supplement 3^(19^^^ 

«. calif o|nia Department of water Resources, Ground Water 
||p^|r^ion Pro^iec^ San^a ^a gae's^Sf^^ 
lazier. Orange County, Bulletin ia7-iri94 pp (1966) . 

5. California Department of- water Resources , Ground Water 
iSicM^^^ pm^' Q^ Basin Exg^hliF 
a970) jarrier. Bulletin 1U7-6, 157 pp'."" 

9?^»'^T«f '^'i: county Water Di strict 's Factory 

li f JSerjai l££xgation and Drainage Division , American 
WmM^ Engineers^ ^oi. 98, No. IrS; pp 553- 

7. cooper, H.iHv, Jr. , ^ al.^ Sea Water in Coasta l 
^^iVd^T^^^^^^ survey Wate^upply-Paper 1613- 

8. j^siana; water Resources Research institute> Salt- 
^l?5 l^^^ii^ iSto AsQj^ iSuisianW 
State Unxversity, Baton Rouge, 192 pp (1968) . 

Luscynski, N. J^, and S^^aj-asenski, W.V., SaO^t-Water 

IdS^l^r- ^aSSauV^^^^^ 

goaities, Lona island, Neg Yosk, OS Geblogid^i'^u^v^ 
water-supply Paper 1613^ 76 pp (1966). ^ 

H£st Sfiast £asin Barrier Project 
M|2zi96i, LOS Jngsles County Flood Cbntrol^istriStT^ 
Los Angeles, Calijornia, 30 pp plus appendices (IS^) . 



9. 



150, 



11. Parker, 6.G., et al. Water Resources of southeastern 
Florid a w^ti Katfecial Ref erence to Geology and Ground 
Water of the Miami Area, US Geological Survey Water- 
Supply Paper 1255, 965 pp (1955) . 

12. Pettit, B.M., Jr., and Winslow, A.G. , Geology and 
Grou nd Water Resources of Gaj.yeston County , Texas , US 
Geological Survey Water-Supply Paper 1416, 157 pp 
(1957). 

12. Shafer, G.H., Ground Water Resources of Aransas County^ 
Texas, Texas Water Development Board Report 124, 1970. 

13. Task committee on Salt Water Intrusion, "Saltwater 
IritruSibh in the United States," Journal of Hydraulics 
Division , American Society of Civil Engineers, Vol. 95. 
NO. Hy5, pp 1651-1669 (1969). 

14. Tbdd, D.K., Ground Water Hydrology , John Wiley 6 Sons, 
New York pp 277- 29 6" (1 959) . 

15. Ttodd, U.K. * ".salt Water Intrusion of Coastal Aquif ers 
in the nnit:ga'':Sta'tesv" Ihtemational Ail^ociatioh of 
Scientific Hydr ology , Publication No. 52 ,pp 452-561 

(1960) . r 

16^ Todd, D.K. , and Meyer, C.F.., "Hydrology and Geology of 
the Honolulu Aquifer ," Journal of Hydraulics Divigioh , 
American Society of Civil Engineers, Vol. 97, No. HY2, 
pp 233-256 (1971). 

17. U.S. Environmental Protection Agency, Subsurface Water 
Pollution - A selective Anhobated Bibliography - Part 
K - SaHne ^ater Intrusion , 1972 . 

18. Visher, F.N., and Minks, Jf.F. , Gromd^ ^[ter Resources 
in southern Oahu, Hawaii , US Georogical Survey Water- 
supply Paper 1778, 133 pp (1964) . 



ERIC 



43 

53 



OPSTR EAM \ENCROACHMENT OF SEA WATER 

Histor y and Scope of the Problem 

Estuaries of large rivers have since ancient times 
of f erey^onvenient shelter for shipping and provided harbor 
locatldns f or conuner^ inland and overseas. Associated 
structures and facilities remained of modest size until the 
relatively recent advent of deep-draft vessels which have 
necessitated extensive deepening of channels, and hence 
interference with the natural equililMrium between, tidal 
currents and fresh water f loW. The construction of canals 
ini ccmimunication with estuaries or th^-sea has also seryiBd 
to conduct sea water inland. Other inan*made changes in the 
upstream environment ; eontr'' : of fresh watjer f low for 
irrigation, water supply, hyaro-power and flood control, and 
increased cbnstiinptive^ withdraw^al of both surface and ground 
waters have ser^ved tp decrease stream disch the 
natural time sequence of hydrol^gical events and further 
disrupt the natural equilibriiim where the fresh water meets 
thie sea. 



This section briefly discusses the causal factors and 
pollutant movement associated with upstream encroachment of 



<?ea wateijr^and its environmental consequences. Thereafter, 
control methods and monitoring procedures are presented - , 
together with selected references to sources for more 
a^*-^^iled information* ^ 



Encroachment in th ei United States 

In the United States upstream tiugration of sea water is 

concentrated prima i^ly oh the East and Gulf eoasts but is 

* # - _ 

al-so -known on the west Ccast. Nearly aM. of the coastift 

-^States between New Hampshire and Louisiana ha^e had probleins 

of this type, -streams of low gradients which are 

characteristic of the gently sipping coastal plain of this 

ar^a require only mpderat:^ reductions ia, flow for sea water 

encroachment to t^e place. In recent years, during 

extended dry periods sea water has migrated up the Delaware 

River nearly as f^r as Philadelphia^ Floilda has had severe 

sea water encroachment problems caused by construction of 

drainage canals and channels; and harbor and channel 

dredging has increased the salt water encroachment problem 

^ ~ 
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in the Patapsco River in Maryland. These -are but a few 
representative examples of numerous incidences of sea water 
encroachment along the East and Gulf Coasts. 

♦ 

Environmental Conseguenrps ,^ 

Upstream migration of the sea water wedge changi^ th 
salinity of aquatic environments and may render fish and 
wiMlif e habitats unsuitable for native populataqris. sea 
water encvoachment can contaminate human and agricultAirai 
water sujJplies necessitating costly treatment or relocation 
of intake points. Increased salinity in the upstream 
environment results in increased corrosion and shorter life 
expectancy for engineering structures. Because of the high 
salt content of sea water, exfiltratipn to the ground water 
from the advancing sea water wedge can contaminate fresh 
ground water supplies and leave them unsuitable for domesSc 
purposes long after the encroaching wedge has migrated back 
down stream. 

— - . ^ 
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Causal Fac±ors and Po llutant Movement 



Upstream migration of sea water is generally the result 
of man* s alteration of the hydraulic equilibrium that exists 
between the fresh water and sea water regimes* The most 
common causes of sea water encroachment ih streams are 
dredging of navigation channels^ construction of sea level 
carnal s, and r.eduction of stream f low.- 



Fresh w^ter, and sea water ^ being of different 
densities^ when brought together 'under stable conditions 
tend not to coalesce but to fonn a distinct interface. 
Normally, maximum tidal velocities are muclv iargier in the 
estuary portions of rxvefs tharii the mean veldci^:ies^ ^^b^^^ 
freshwater flow reaches the. sea. The tidal velocities 
oscrllate the salt water wedge back and forth with tadai 
stage and in doing so generate turbulent sheal: flows that 
cause mixing at the salt water/fresh water interface. If 
the tidal shear flows are weak and unable to overcome the 
stabilizing effects of the density difference between the 
sea water and the fresh water,, a stratified condition with a 
very thin zone of mixing between the fresh water and theysea 
w^ter results. If the shear flow inducedrby tidal action is 



sufficiently strong to overcome the stabilizing effects 
caused by the density difference between the two waters, 
increased mixing results and sea water encroachment is no 
longer characterized by a distinct interface but by a broad 
zone of mixing. 

jrhe interaction of river flow and tidal currents 
results in a net upstream: bottom movement Of sea water with 
fresh water overriding this wedge in a seaward= directiph. 
The position of the interface between the fresh water and 
sea water is dependent on channel geometry, river discharge, 
and high tide height. A change in any of these parameters 
wtll cause the salt -water/ fresh water interface to migrate. 
Reduction of stream f low or deepening/ of channels results in 
landward: migration of the sea water wedge whiMe increased 
•stream flow results: in a seaward migration. 

Control Methods 

:Me1:hods: for control of sea water encroachment in 
streams rely on maintaining adequate fresh water flow or 
construction of physical barriers to prevent migration of 
the sea water landward. iMaintenance of fresh water flow 
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generally can not be achieved by any single technique , but 
requires basin wide management of withdrawal ^ recharge^ and 
3toxaae^-Qf— both surface and gr ound waters. Since most 
isurface streams receive part of their flow from the ground - 
water reservoir during all or part of the year^ any 
procedure that recharges the ground water system will also 
aid in maintaining stream flow and in retarding sea water 
encroachment. The primary eleme^nts of basin wide water 
management that aid in controllrihg sea water encroachment in 
streams include the following: * 

Ground Water Recharge The groiind water reservoir can be 
thought orf as the regulator of base stream flow. 
Much of the water that falls on the land 
percpiates to the ground water reservoir and is 
slowly and steadily^ discharged to surface streams. 
%f the ground water reservoir is depleted throu 
overdraft or impediment of natural recharge (e.-. 
paving of large areas and diversipn of 
precipitation to storm sewers) w^er is not 
'* available in the subsurface to maintain sufficient 
^ stream flow to prevent sea water encroachment 
during dry periods. Much of the water that runs 



off, during storms can be diverted to the 

/ 

subsurface by construction of recharge basins. 
This technique is r^articularly amenable to highway 
storm drainage and is thoroughly discussed in a ~~ 
report by Weaver (1971) • The recharge of high 
quality waste waters such as cooling waters or 
tertiary treated sewage by the use of recharge 
wells or surface sprea^^^ in 
maintainpjng^^ subsurface water supply* These 
techniques are discussed in the section on sea 
water intrusion into coastal aquxf ers • 

Surface Water Impoundment and Regulated Release Stream flow 
can be regulated and sea water encroachment 
retarded by impounding excess surface waters 
during per ix^s of I igh runof f and releasing these 

waters dtir ihg/ periods of low stream flow. The 

« _ _ _ _ _ _ _ _ 

economics of such pro jects and the large voluoies 
of water required generaily preclude their 
undertaking solely for sea water intrusion 
control. This contingency^ hov^ever^ should be 
incorporated in plans for impoundment structures 
for flood control r irrigation, and recreation^ 

50 



Tide Gates and Locks Where channels with low gradients meet 
the sea there is always a danger of sea water 
encroachment during periods of high tide and low 
flow. The installation of tide gates for contrbl 
of such encroachment is discussed in the section 
on sea water intrusion into coastal aquifers. Sea 
water can also migrate upstream^through navigation 
locks in shipping canals wher water is taken into 
the locks from the seaward side and released on 
the landward srde. This type of sea water 
encroachment can be reduced or erimina-Hed by 
controlled filling and emptying of the locks. 
These techniques are discussed in reports by 
Blanchet and Quet in (1972) and Bogges (197 0).. 



Monitor ing Procedures 



A monitoring program should be an integral part of any 
program for control of sea water encroachment. Monitor ing 
should be sufficient to determine the location and geometry 
of the salt water/fresh water interface at any time ancl to 
relate movement of the interface to the causal factors. In 
general, monitoring points should be located on the landward 
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side of locks and tide gates and near the mouths of tidal 
channels to give a longitudinal profile of salt 
concentrations in the upstream direction. The number of 
monitoring points required will vary with local conditions 
and extent of sea water encroachment. Monitoring 'points 
should be measured for chloride levels (or total dissolved 
solids) at monthly intervals during normal conditions and 
more frequently when sea water is actively encroaching. 
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SALINE WATER IN INIAND AQUIFERS 
Scope of the Probl em , 

Hydrologic data accumulated in recent years indicate 
that large quantities of saline water exist under diverse 
geologic and hydrologic environments in the Uhited States. - 
Most of the nation 's largest inland sources of fresh ground 
water are in close proximity to natural bodies of salijne 
ground water. 

Saline water is an inherent constituent of narine- 
derived sedimentary rocks which form some s ig^if ica nt . 
aquifer? exploited today. Waters wi-fch high natural mineral 
content can be found at relatively shatlpw depths throughout 
large portions of the United Stat€8> Fresh water recharge 
has flushed much of the saline water from many aquifers 
throughout geologic time,. SaMne water may remaiii at depth 
or where exposure to fresh water recbarge has not occurred. 

Bri nes occu r j.h almost all areas at the depths explored and 

developed l)y the bil industry. 

0 
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According to the Task Committee on Salt Water 
Intrusion,. 1969, saline water in inland aquifers may be 
derived from one or more of the following sources: ^ 

^ sea water which entered aquifers during deposition 
or during a higj^ stand of the sea in past geologic 
time I 



salt in sa^:t domes, thin beds, or disseminated in 
the geologic formations^ 

srightly satine water concentrated by evaporation 
in play as or other enclosed areas. 

Return flows from irrigated lands, 

Man*s saline wastes . j' 

When development of an aquifer by act^ of man causes 

saline water from any of these sources to move into the 

- - - - -\ - - - - 

fcresh water aquifer, salt water intrusion results. 
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Intnasion in the Unfiled stia^-Pg 



Considerable information exists on the geographic 
distribution of saline ground water (here defined as water 
containing more that 1,000 mg/1 dissolved solids) (Feth, 
1965; Feth, et al, 1965; Task Committee on Salt Water 
Intrusion, 1969) . These reports indicate that approximately 
two-thirds of the conterminous United states is underlain in 
part by saline ground water. 

In the Atlantic and Gulf Coastal Plain and in many 
grbtind water basins on the Pacific coasts saline water 
occurs 'because of sea water that was trapped in the 
sediments during deposition (connate water) or that invaded 
the sediments during previous high^ standis of the sea* 

;In the Midwest, bedrock aquifers generally contain 
mineralized water at depths below about 122 meters • 
Aquifers with saline yaters of more than 1/000 mg/1 
dissolved solids underlie f resh-*water aquifers throughout 
most of the Great Plains area from central Texas to Canada. 
In the mountainous area from the Rocky Mp\intains to the 



Pacific coast, saline water occurs at depth in many ground 
water baisins* 

Environmental Consequences 

Intruded fresh-water aquifers typically are locally 
affected* Because of the relatively slow movement of ground 
water, saline water intrusiph may produce detrimental 
effects on grpimd^^ quality that could persist for 

months \mder the most favorable ci rcumstances, or many years 
or decades in other cases* 

Causal Factors 

Salt water intrusion can result from several 
mechanisms • One involves the upward mpvement of saline 
water thrpugh the aquifer as a resatt pf some act of man on 
the hydrologic regimeir such as overpumping* pother occurs 
by saline water moving vertically through wells into a 
fresh- water aquifer* Saline water intrusion also can occur 
where construction of a waterway or channel involves removal 
of materials which have acted as an impermeable blanket 
between saline watiers and fresh-water aquifers* Destruction 
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of natural barriers may also permit saline water on the 
surface to be carried past natural geologic barriers^ such 
as faults which previously protected the fresh-water 
aquifer* 

Pumping of an aquifer underlain by saline water will 
cause the ground water level to be lowered^ which .in turn 
cafi cause an upconing of the saliSie water iiito the aquifer 
and eventually the w^^^ itself • Figure 7 shows the sequence 
of upconing to a pumping we tl in an uncohfined aquifer* i 

Where saLine and fresh-water aquifers are connected 
hydraulically, dewatering pperatibnsir as for quarries> ^ 
roads, or excavations , may cause vertical migration of . 
saline water. Similarlxv the deep^iing pr dredging of a 
gaining stream will cause a lowering of the head' in the 
aquifer near the stream. If the aquifer is hydraullcally 
connected to an underlying saline aquifer, the lowering of 
head will induce upward movement of saline watery Figure 8 
itluist rates the zone of saline water' intrusion pr 
a wa^er table is lowered. This, indicates that encroachx»ent 
of saline water can be a potential problem wher^ ' ^ 

control or other projects modify stream stages. 



Extensive pollution of fresh water aquifers has been 
caused by vertical leakage of saline water tlirqugh_inactive^ 
or abandoned wells or test holes. A well is an avenue of 
nearly infinite vertical permeability through which saline 
water may move. Fuirpz^ng from fresh-water aquifers may lower 
water tables below t.:e piezometric surfaces of lower saline 
water zones. Examples of saline water moving upward into a 
fresh^water aquifer through various types of wells are 
sketched in Figure 9 . 
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7 Schematic diagram of upconing of 
underlying saline water to a pumping 
well* 
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:^V0NE^0FISAU^NE WATER iNTRU^^ 





Figure 8 Diagram showing upward migration of 

saline water caused by lowering of water 
»- levels in a gaining stream- (iSeGtschy 

1963):. 
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Figure 9 ^Diagram showing interformationalMeakage 
by vertical movement of water through 
wells where the piezometric surface lies 
above the water table (after Deutsche 



Indicative of all of the above mechanisms is the 
intrusion situation in Southern Alameda County, Calxfornia, 
shown in Figure 10. Here a combination of four causal 
factors - natural and man-made - has lead to intrusion in 
two distinct aquifers. Although the intruding water shown 
^hj^e is sea water, the mechanisms apply equally to any 
saline water source. 



62 . 



SAN^RANCISCO BAY 




• P • DEEPER GROUND WATER ♦ :# # * 



LEGEND 



CLAY 



iSAND AND GRAVEL 



SALTWATER 



NDTE 

1. DIRECT MDVEMjENT OF BAY WATERS THRO UGH NATURAL "WIN DO WS^^^^ 
t» SPiLLING OF DEGRAOED GROUND WATERS. ^ 
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Figure 10 Illustrative sketch shoeing four 
mechanisms-producing saline water 
intrusion in Southepi Aiameda County^ 
California (after Calif ornia Department 
of Water Resources, 1960) . 
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Pollutant Movement 

When an aquifer contains an underlying layer of saline 
water and is pumped by a well penetrating only the upper 
fresh water portion, a local rise of the interface below the 
well occurs. With continued pumping this upconing rises to 
successively higher levels until eventually it may reach the 
well. When pumping is stopp^v the denser saline water 
t^n^s to subside to its original position. 

The factors governing upconing include the pumping rate 
of the well, the distance between the weH and the saline 
water* the duration of pximping, the permeability of the 

# 

aquifer r and the density difference between the * fresh and 
saline waters* 

Upconing is a complex phenomenon . Quantitative 
criteria have been formulated for the design and operation 
of wellrs for skimming fresh water from above saline water 
(Schmorak and Mercado, 1969). From a water-supply 
standpoint it is important^ to dete^mija^ the optimum 
location, depth> spacing, pumping rate, arid pumping- sequence 
to maximize production of fresh gro^d water whrle 
minimizing the undermixing of fresh and saline waters. 
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The movement of saline water within wells is in the 
direction of the hydraulic gradient. Th^ flow can occur 
either upward or downward^ depending upon the direction of 
the head differential. Also, head differences may result 
from natural geologic causes or from effects of pumping • 
Typically, a well pumping from a f resh^water zone reduces 
^he head there to a value lower than that of other zones. 
If ^ the non- pumped zones contain sal^^^ water and are 
connacted .hydraulical4y to the well, intrusion into the 
fresh-water zone/ will result. 



Control Methods 

A variety of methods are available to con^-rol saline 
water intrusion in aquifers. The seTectiph of a particular 
method will depend^ on the local circumstances responsible 
for the intrusion. Alternative control methods are briefly 
described in the following, subsections. 

Reduce d Pumping Vrtiere pumping of ^ a f resh-wat^er aquifer 
produces upconing: of saline water, an effective control 
method is to reduce pumping. This may take the form of 
actual termination of pumping^ of reduction in the 
pumping rate from individual wells, or of the 
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decentralization of wells. The more pumpage is 
reduced, the greater the tendency for the saline waPter 
interface to subside and to form a horizontal surface* 

rilustrative of the consequences of pumping rate are 
data shown in Figure 11 from the Honolulu aquifer « 
Here underlying saline water (actually sea %^ter) in a 
nearby pbser^ratipn weW. moves upward and downward in 
accordance with the pumping rate of a weli. 

Increased Ground Water Levels In situations where 
surface construction or excavations have lowered ground 
water levels and caused underlying/ saline grprund ^water 
to rise (see Figiure B) , amy action which raises the 
ground water level wrll be effective in suppressing 
intrusion ♦ Artificial recharge of an unconfined 
aquifer, for example> would have a beneficial effect. 
Similarly, raTsing surf ace water levels, as by 
regulating stream stages or by releasing water into 
surface excavations, wi^l cause a corresponding upward 
adjustment in. the adjacent water table. 
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Pr9^ect^ve Pumping Because saline water moves into a 
fresh water .aquifer under the influence of a pressure 

^ gradient, an effective control method i's to reduce the 

pressure in the saline water 2one. This can be 
accomplished by drilling and pumping a %*ell perforated 
only in the saline water portion of the aquifer. 
Although the water pumped is saline and may present a 
disposal problem, this method does permit the continued 
utilization of the underground fresh water resources 
' without increasing intrusion. The method %«s 
successfully applied to counteract a growing intrusion 

^ problem in Brunswtck, Georgia (Gregg^ 1971) . 
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Figure tl Monthly variations of total draft ar^- 

chloride content in a nearby observation 
well, Honolulu aqurf er (after Todd and 
Meyer, 
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Sealing Wells To minimize the vertical movement of saline* 
water in abandoned wells and test holes, they 'should be 
completely sealed by backfilling with an impermeable 
material* Dumping of loose soil into a well seldom 
provides an effective guarantee of impermeability, 
particularly in a deep welli One method is to pump a 
cement slurry into the well, filling from the bottom 
upward . The material wi^l then create a void-free 

co lumn havin g a lower permeabil^it y than that of the 

surrounding formations. 

Well. Constructi on To control the movement of saline water 
within active weMs that are either pumping or resting 
requires careful well construction. During the 
drilling of a well, one or more zones of saline water 
may be encountered. When the full depth of the well 
has been reached> those formations expected to be 

developed for fresh: water production are selected. 

Pe^rf orations should be placed only opposite the fresh- 
water zones. Unperf prated casing should be placed 
opposite saline water strata, with the annulus outside 
of the casing carefully sealed to isolate saline zones 
from the fresh-water zone.' Details of well 
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construction are availabl.e in. standard references 
(dampbell and Lehr, 1973; Gibson and Singer, 1971; 
Todd, 1959) . 

Monitoring Procedures 

When fresh-water aquifers need to be protected against 
vertrcal intrusipn> a monitoring network to verify the 
^effectiveness of the control method should be ihstaHed^ In 
general^ the network will consist of observation wells 
perforated within the fresh-water zone and sanj) led regularly 
for total dissolved scrlids or electrical conductivity* The 
monitoring wells should be in the deepest portions of the * 
fresh^-water zone so as to reveal the first evidence, of 
intrusion^ and spaced close enough to pumping wells that 
iipconing wtll be detected* Reripdic checks should^ also be 
made to ascertain that any newly abphdoned wells or test 
holes are properly sealed and long aban^on^^ that are 

identified through records search or other means should be 
located and plugged, Resgular measurements of pumping rates 
and^ ground A^ter Tevel f luctuatipns> both nattiral and 
artif ically produced, wi^ll help to recognize causal factors 
responsible for actual or incipient intrusion problems. 
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INST ITUTIONAL AND LEGAL ASPECTS 

The Fe^eyal^^ Water Pollu/bion Control Act As. Amended 

^ The Federal Water Pollution Control Act as Amended 
recognizes^ as a policy of the Congress, the primary 
responsibility of the States to prevent, reduce, -and 
eliminate wat^er pollution. The Admin isi^trator of EPA is 
directed to develop comprehensive programs for water 
pollutic« control in copperaitibn with State and local 
agencies and with other Federal agencies. Thus> the laws 
and institutions .relating^ to water, and their adequacy, are 
of basic importance i In most states, the functions of 
administration of water rights and of wat^ pollution 

I 

control are the ^responsibility of different state agencies. 



Wat e r Rights 



Any attempt to control an activity inyolving the 
diversion and use of surface or ground waters, in order to ^ 
* prevent water dilution, will probably involve vested water 
rights- and usuSlly will be in conflict with these water 
rights. For many streams, ground water basins, and aquifers 
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throughout the United States, rights to the full yield have 

/ 

long since been \^ested, either through actual diversion and 
use, or because of the riparian status of lands or ownerchip 
of overlying lands, even though no use of .water is being or 
has been made. 

There is little question that the Federal Government 
has the constitutional power' to control the use of most of 
the surface waters ot the United States. Under the 
reservation doctrine, conf irmed by; the United States Supreme 
court in Arizbna vs Caliifornia, 373 US 5.46 (=1963) , the 
Federal Government can control and use the waters 
originating on of flowinc across reserved or withdrawn 
• pubO/ic lands. A large proportion of* the natural runoff of 
the ^western states originates on such lands, under the 
jurisdiction of the US Forest Service, --.le National- Park 
Service, and other Federal agencies. The federal powe, to 
control navigable waters has long been established and 
confi^rmed I3y a series of US Supreme Gourt decisions. The 
Court definitions of what constitutes navigable waters are 
broad enough to encompas.s neatly all surface streams of any 
signtf icant magnitude and their tributaries (United States' 
vs Grand. Ri^er Dam Authority, 363 US 2-29, 1960) . 

> 

84 ■ '. 



The Federal Government has never elected to assert 
these constitutional pov/ers over surface waters in a general 
manner except/with respect to control of pollution'^esulting 
from disposal of wastes. .Rather, the congress has 
repeatedly stated that the states shall control the use of 
intrastate waters. Section 8 of the Reclamation Act of 1902 
(32 Stat. 388, 1902) explicitly provide^ that the Secretary 
of the Interior shall obtain water rights for reclamation 
projects in^ accordance with state water " /e- The same 
prpyisiG^n orvone expressing the same in'tent has been ^ 
included in acts amendatory of and supplementary to the \ 
original Reclamation Act, and in n\iinerous other enactments 
concerning water resbiSfces , including the Flood Control Act 
of 1944 (58 Stat. 887, 1944) . 

M 

In further support: of this apparently consistent 
Congressional intent, it is significant that there are no 
-federal statutes governing the allocation of water 
resources, surface or ground, of the administration of water 
rights. Although per iodic al^Ly^ bills are introduced in 
Congress for those purposes, they have never passed beyond 
the committee stage. Up to 1973, therefore, responsibility 
for the cjllpcation of water resources^ and the grajhting: and 



75 ^ 

85 



it 

administration of rights to intrastate waters has been left 
to the states. Interstate compacts have been executed for 
many of the more significant interstate ptreams systems. 
Some of these (the Delaware River Basin Compact , for 
example) encompass the associated interstate aquifers. To 
date, federal power over grcand water resources ha^ been 
asserted only in specific instances involving water supplies 
for federal installations (State of Nevada vs United States, 
1.(55 F. Supp. 600, 1958) . Indian water rights, now almost 
entirely %nquanttf ied> and apparently definable only by 
individual potions brought before the US Supreme Court, are' 
becoming highly controversial and becloud the Entire water\ 
rights situation over much of the United States . For ; 
surface waters, the riparian doctrine of water rights is 
foribwed in several of the eastern, southern^ and midwestern 

states; only Florida, Indiana, Iowa, Minnesota, Mississippi.^ 

-a 

New Jersey, and Wisconsin have strong statutes governing the 
diversion and use of such vaters. In other states, the 
appropriation dqptrine is followed, and the right to divert 
and use surface water must ^be acquired in accordance with 
state lav. Most of these state laws are based on the 
objective of maximizing the economic beneficial uses tor 
municipal and industrial water siapply, irrigation, power 



production^ and the like. With but fev exceptions (eg^ * 
California) state water rights laws do not provide 
adequately for water quality control and in-stream uses 
such as for fish and wildlife resources • Generally, th^^ 
hydrologic and hydraulic interrelationships of surface 
waters and ground waters are not recognized in state water 
laws. ' \ 

/ 

Some stntes (Colorado, Florida, Indiana, Iowa, 

Mihnesqta,^ Nevada, New'^JeiL^ey^r^^tw Mex i^p , ^arfd^Ufah)^ave ^ " 

statutes governing the extraction and use^ of ground water. 

The State Water Resources C ntrol Board of California has 

only the power to inrtiate an adjudicatory action in the 

t 

courts; imposition of a physical solution depends upon a 
finding that such action is necessary to prev ent des tpiction 
of or irreparable damage to the quality of ground wat^ers 
(Sec. 2100 et seq. Water Code) . Most ground wa ter laws have 
been laid down by the courts and vary widely from state to 
state . In California, for, example, ''^^he courts follow the 
correlative doctrine,* whereas in Te:?cas, the courts have 
consistently followed the doctrine of absolute ownership or 
the rule of capture (City of Corpus Christi vs City of 
Pleasanton, et al, 15U Tex. 289, ^76 S.W. 798, 1955). 
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Under the later doctrine, it is impossible to control the 
extraction and use of ground water in any significant way, 
although certain limited powers to control well spacing, 
thus affecting extraction rates, are granted to underground 
^ water conservation districts formed in a few areas of the 
statre fchap. 52, Texas Water Code) . 

Present sv.ate statutes and case law concerning the 
rights to the use of water are completely^j^nadequate to 
control the pollution of ground water that might- result from 
the diversion and use of either surface of ground water. 
State laws need to be revised and broadened, as has been 
recommended by the National Water Commission (19^2)i. 

Gro und- Wat er Bas in Ma nag ement 



The concept of managing a ground water basin is 
analogous to the operation of a surface water reservoik. By 
regulating the releases of water f^om a dam, the reservoir 
can be made to serve, various benef icial purposes, and with 
planning the benefits can be optimized, in general, the 
benef its depend not on maintaining the reservoir full* or 
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empty at all time but rather on varying the water level to 
meet predetermined supply and demand criteria • 

Ground water basins are increasingly being recognized 
as important resotLrces for water storage and distribution. 
Groumi^water reservoirs have numerous advantages over 
surface reservoirs: Initial costs for storage-are 
essentially zero, siltation is not a problemr eutrophication 
is not a problem, water temperatures and mineral quality are 
relatively uniformy evaporation losses are negligible, 
turbidity is generally in sign if leant n^^ area 
is required, and useful lives are often idef inite. 

The objective of ground water basin management is 
generally to provide an optimal continuing supply of ground- 
water of satisfactory quality at minimum cost. To reach 
this objective requires comprehensive geologic an^'" 
hydrologic investigations , development of a model to 
simulate the aquifers , economic analyses of alternative 
operational schemes, and finally, based on this management 
study, regulation of the basin. In most cases conjunctive 
use of sjurface water and ground water systems is considered 




in seeking a maximum water supply at minimum cost (Todd, 
1959) . 



Procedure 



The management study leading to a basin operation 
consists of the components listed below. These are arranged 
to indicate the usual sequential order employed. 



/ 



Geologic Phase 



Data correction and water level maps 
Storage capacity and change; transmissioh 

characteristic's 
Water quality analysis 

Hydrolbgic Phase 

Data coriectxon 
Base period determination 
Water demand: 
' Water supply and consumptive use 
Hydrplogic balance 

Mathematical Model 

Programming and parameter development 
Validation 

Operation- Economic Phase 

Future water demand and deep-percolat ion 

criteria 
Analysis of cost of facilities 
Cost-of-water study 
Plans of operation 
Cost comparision of plans 

Preparation of Report 
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Physically^ the management of a basin involves 
regulating the patterns and schedules of recharge and 
extractions of water. This would include specifying the 
number and location of wells together with their pumping 
rates and annual limitations on total extractions. The- 
upper and lower ground water levels would be defined. Wate 
quality objectives would be set ^ and sources and causes of 
pollution caref ulrly controTledi * The artificial recharge of 
storm flows r impor4-ed water ^ or reclaimed water could be 
involved. In some .Instances ^ measures to lipit sea water 
intrusion and land subsidence would be included. 

Because of the dynamic nature of ground water re ource 
systems^ a continuing data collection program is essential. 
Mahagemont parameters and criteria must be re-evaluated at 
intervals of five to ten years. 

Detailed management studies for several basins in 
Caiifornia have been undertaken (Calif. Dept. of Water 
Resources^ 1968) . 



/ 

gources of Basin Pol lution 

Within a ground water basin theTpbtential sources of 
collution may include ail of the possibilities previously 
described as well as many others^ . A polluticm source unique 
to basin management may be artificial recharge of ground 
water. In order to increase the available ground water 
supply, a basin may be heavily pumped so ^s to lower ground^, 
water levels. Thereafter,, water can be artificially and 
naturally recharged to f rll the available underground 
storage space, il^e charging is usually accomplished by^ 
surface spreading in which water is released for 

infdlrtration into the ground from basins, ditches, 

- - = - _ _ - ^ 

streambeds, or irrigated^ lands (Muckel, 1959) . Water can 
also be recharged into confined aquifers through injection 
wells. If the quality of the recharged water is inferior to 
that of the existing ground water, pollution will result. 

An excerient illustration is the situation in Orange 
county, California (More land and Singer, 1969) . To 
compensate for extensive overdraft of the ground water basin 
during the l^«0«s^ large quantities of imported Colorado 
River water were subsequently recharged underground along 
the Santa Ana River channel. Because of the high salt 
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content of the imported water, the salintiy of a substantial 
portion of Orange County's ground water has been 

significantly, increased • 

- >- 

On a long-range basis, maintenance of salt balance in a 
basin, i.e., prevention of accumulation of salts, must be 
achieved* This is the most difficult quality-maintenance 
problem. 

Control Methods 

Proper management a ground water basin requires an 
appropriate institutional structxire embrc-;ing the basin to 
insure that the water quality is not adversely affected. 
Control methods could include the following: 

Maintaining ground water levels below some shal^low; 
djepth so as to minimize the opportunity for pollution! " 
/from surface sources* ^ 

Maintaining ground water levels above some greater 
depth in order to avoid upward movement of more saline 
and warmer water into the aquifer. 
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Regulating the quality of water artificially recharged 
to the aquifers. Storm runoff collected in upstream 
reservoirs and then released into spreading areas is 
usually of higher quality than ground water, but 
imported and reclaimed water may not be« 

Preventing sea water intrusion and the. inflow of poor- 
quality natural waters from adjacent surface and 
subsurface sources. Popr-qual^ity water from 
undergrb^d sources can usually be ej^cluded by lines of 
pumping or recharge wells> while surface waters can be 
intercepted by drainage ditches: and divertisd from the 
basin. 

iRegulatdng the drillingr completionr and operation of 
all types of wells. 

Regulating land use over the basin to prevent the 
development of sources of ground water pollution. 

Reducing salt loads by exporting saline ground waters^ 
wastewaters r or brines from desalted water supplies* 

/ 

/ 
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Monitoring the quality of groiind water throughout the 

i 

basin to identify and to locate any pollution sources 

and to verify corrective measures. j / 

\ 
\ 

Legal and Institutional Requirements \ 

Ground water management is not explicitly mentioned in 
the Federal Water Pollution Control Act as Amended, but is 
essentral if the maxinmm overal?!^ is to be derived 

from developme^^^ and use of the underground re^sources> Whil^^^ 
at the same time protecting and maintaining; ground water 
quality i The many interrelated sources and cauWs of grbu^ 
;water pollution and the inherent comprexrty of ground water 
/resource systems make it mandatory that the prob^^em of 
pollution control be approached on a "systems "^basis through 
management/ if control is to be effective. \ 



Ground water management may be defined as the 
development and utilization of the underground reijC)urces 
(water, storage capacity and transmission capacity) ^ 
frequently in conjunction with surface resotirces^.^in a 
rationai and= hopefully optimal manner, to achieve defined and 
accepted water resource development objectives. Quality as 
welU as quantity must be considered. The surface water 
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resources involved may include imported and reclaimed water 
^ well as tributairy streams* ^ 



Generally^ management can be most effectively 



A 

/ 
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acccxnplished at the local or regional governmental level, 
operating within a framework of powers and duties^^ 
established by state statutes. A few such lo^^maijagemerit 
agencies with adequate "powers have been formed^ and; 'are 
operating; an example is the Orange Gounty District^ 



California (Orange County Water Distri/ct Act, as amended) . 

r , - /' 

Except for California, there ire few, if a%, state 

statutes under which effective management agencies can-be 

established and operated. Current statutes cfnd case law 

concerning water rights impede, and in some cases block, " 

effective management. Principal weaknesses* in the present 

legal 3nd= institutional posture- at the state level with 

regard: to control of ground water ppliution f rbm^sources and 

causes other" than waste disppsai stem from these basic 

points: - j 

In^ '^ost states> private ownership of ground water 
attaches through ownership Qf ^ the land surface, and the 



states have not enunciat^:5d or implemented jurisdiction 
in terms of allocation or administration of the 



re 



^urce. 



State law and court decisions have geuorally d^alt with 
surface:: an.d ground water as separable resources. 



Most state statutes and court decisions do riot 
recognize that !poaa.ution .of both, ground and: surf ace 
water may result f rom^ the effects of activities not 
necessariSly involving-waste generation arid disposal; 
pollution has been narrowly defined. 

% 

When these three weaknesses are considered in their 
-total ramif icatioris, it is evident that ground water 



pplluti on control is -possible only within the context of a 
cpmprehensive mahagem program fbr optimal allpcatipn^ 
conservation, protectipn> and use pf the water together with 
related: land resources available within a region. 

legal and: institutional factors that must be 
considered in a: grpund water .polluti-pn control program are> 
as anonsequence, largely dic''\ted by the requirements of a 
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management structure. Effective management of ground and 
surface waters as interrelated and interdependent resources 
is undertaken as a means of achieving regional, social , 
environmental, and economic goals* Implementation of such 
management requires that these goals be articulated; that 
manag^ment tools required to allocate the total water 
resource equitably among" purposes, to abate and prevent 
pol?lutibn, and to equitably the cost involved, be 

rdejniti^ied; and that government actions required for 
management be initiated= and carried forward. 

Tlie objectives sought by managing grotind and surf 
water resources on a* conjunctive syst ems basis are not the 
same from area to area. Objectives that mi^ht be important 
in one area, such as extending the life of the ground Water 
aquifer, protecting spring flows, or cqntrorring= subsidence, 
might have Ixttlg^ rielevanqe els^here^. Many alternative 
institutional structures couljai be considered for the 
management vehicle. But the extremely diverse hydrolpgic, 
geologic, economic , legal, ppritical, and social conditions 
affecting the occurrence , protection , and use of ground- and 
surface waters In the United States suggest that- ho single 
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structure would be universally applicable nor politically 
acceptable. 

While management entities might not have the same 
organizational structure everywhere, certain geographic 
characteristics r fundaunental resource inf-^rmation, and 
certain basic management powers and duties are commonly 
require d . Delin ea tion of the geographic axea^ to be 
encompassed by a workable management entity must include 
consideration of areas having definable hydro logic 
boundaries* Furthermore , to the extent possible/ the area 
should have social and economic identity or common interests 
and be generalrly contiguous wi^th existing* political 
subdivisions. 

Data and analysis are needed regarding a range of 
hydro logic, geologic , physical, environmental , social , and 
economic factors that will largely determine the processes 
through which management objectives are attained. Through 
development of new analytical techniques by which the 
performance of a ground water basin under various conditions 
can: be simulated or modelled mathemat ically, computerized^ 
management tools have become available. Depending upon 
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their intended use, these models require adequate data (in 
appropriate formats and on a timely basis) such as the 
following: 

Stream flow - normal and flood; water quality; waste 
discharges - quantity and quality; silt loads; 
precipitation; evapcfratipn; storm and drought 
frequency, duration, and intensity;: water supply^ ~ ^ 
facilities and costs; waste treatment processes and 
costs* 

Water uses; water rights; projected uses; return flow 

quantity and quality; projected economic , 
demographic, and social trends; relationship between 
the factors affecting water quar^^ such as source of 
E*)riutants, water development, water qualrity criteria 
and objectives. 

Available energy sources, facilities , and costs; 
wildlife and fishery resources; recreational facilities 
and uses; historic, esthetic, and scenic areas ; tmique 
aquatic, zoologic, or biologic habitats- 
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Areasv sourceSj^ rate and cuality cf grotind i^ater 
recharge; stirface and ground water inflow-outflow 
relationships; volume of aquifer storage capacity; 
aquifer transmissibility, specific capacity, and 
boundaries; volume of surface water storage; seasonal 
relationships of water demand and water in storage; 
relationships of surface and ground water use and 
quantity and quality of rettirn f lows * 



Social Problems and Goals 



Assuming, that adequate programs are ODnducted to gather 

and make information avallabl^e to a viable management 

entity, that entity must be vested with powers agrid authority 

to f uliy exercise a complex management^ function- Among 

these powers and duties must be the following as recommended 

by the National Water Commissign (15721 ♦ 

"State laws shpul^l recognize and take accoimt of the 
substantial interrelation of surface water 2^^^ 
waters • Rights in both sources of supply should be __ 
integr atedv and uses should be administered and managed 
conjunctively . There should not be separate 
codlficationrs of surf ace water ia>* atid ground water 
law; the law of waters should be a sijngle^ iriteqrated 
body of jurisprudence* 

Where surface and ground water supplies are 
interrelated and where it is hydrolpgically in 
maximum use of the combined resoiarce sl»ul4 be 
accomplished by laws and regulations authorizing^^ ^^b 



requiring users to substitute one source of supply for 
^^e other. 

The Commission recommends that states in which ground 
water is jan important source of supply immediately 
commence conjvinctive management of surface water - 
(including imported water) and ground water ^whether or 
not interrelated^ through public, management agencies. 

The states should immediately adopt legislation 
authorizing the establishment of water management 
agencies with powers to manage surface water and ground 
water suEplies conjunctively; to issue bonds arid 
collect E^mp taxes and diver to buy and 

sell water and water rights and^eal property necessary 
for recharge programs; tb^^^^ wat^r in aqurfers> 
create salt water barrier^ and reclaim or treat water; 
to extract water; to sue in i^s own name and as 
representative of its members /for the protection of 'the 
aquifer f^rpm damage, and to be sued for damages caused 
by its operations # such as surface subsidence. 

The states should adopt laws and regulations to protect 
grpwid water aqpiif ers f rom injury and should authbrize 
enf of cement: both by individual property owners iirtio are 
damaged amd by public off icials and managment district 
charged with resppnsibrlity of managing aquifers. « 

Implementation of the National Water CqnnSiission « s 

recpmmendatipns^^ f ar toward equipping a management 

entity to control ground water ppllutipn. There are many 

pth€5r quest ipnsv hpuever, largely unanswered in present 

statutes and court decisions, that will r^uire very careful 

anaflysis . 
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